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Abstract 

The large difference between the Planck scale and the electroweak scale, known as the hierarchy problem, is addressed 
in certain models through the postulate of extra spatial dimensions. A search for evidence of extra spatial dimensions in 
the diphoton channel has been performed using the full set of proton-proton collisions at -y/s = 7 TeV recorded in 2011 
with the ATLAS detector at the CERN Large Hadron Collider. This dataset corresponds to an integrated luminosity 
of 4.9 fb~^. The diphoton invariant mass spectrum is observed to be in good agreement with the expected Standard 
Model background. 95 % confidence level lower limits of between 2.52 TeV and 3.92 TeV are set on the Ms scale in the 
context of the model proposed by Arkani-Hamed, Dimopoulos and Dvali, depending on the number of extra dimensions 
and the theoretical formalism used. In the context of the Randall-Sundrum model, a lower limit of 1.00 (2.06) TeV at 
95% confidence level is set on the mass of the lightest graviton for couplings of k/Mpi — 0.01 (0.1). Combining with 
the ATLAS dilepton searches based on the 2011 data, the 95% confidence level limit on the Randall-Sundrum graviton 
mass is further tightened to 1.03 (2.23) TeV for k/Mpi = 0.01 (0.1). 



1. Introduction 

One of the major goals of particle physicists in the past 
decades has been to solve the hierarchy problem: the 
fact that the electroweak scale is 16 orders of magnitude 
smaller than the Planck mass scale. One possible solution 
to the hierarchy problem is the existence of extra spatial 
dimensions. 

In the Randall-Sundrum (RS) model [1], a five- 
dimensional geometry is assumed, in which the fifth di- 
mension is compactified with length Vc- There are two 
four-dimensional branes sitting in a five-dimensional bulk 
with a "warped" geometry. The Standard Model (SM) 
fields are located on the so-called TeV brane, while gravity 
originates from the other brane, called the Planck brane. 
Gravitons are capable of propagating in the bulk. Mass 
scales on the TeV brane - such as the Planck mass (Mpi) 
describing the observed strength of gravity - correspond 
to mass scales on the Planck brane (Mu) as given by 
Mu = Mpie~'''^^'= , where k is the curvature scale of the 
extra dimension. The observed hierarchy of scales can 
be naturally reproduced in this model if krc « 12 
The compactification of the extra dimension gives rise to 
a Kaluza-Klein (KK) tower of graviton excitations G, an 
infinite set of particles with equally spaced masses, located 
on the TeV brane. The phenomenology can be described 
in terms of the mass of the lightest KK graviton excita- 
tion (mc) and the dimensionless coupling to the SM fields, 
k/Mpi, where Mpi = Mpi/^/Sn is the reduced Planck 
scale. From theoretical arguments k/Mpi values in the 
range [0.01, 0.1] are preferred. The lightest RS graviton is 
expected to be a fairly narrow resonance for k/Mpi < 0.3. 
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The most stringent experimental limits on RS gravitons 
have been obtained at the LHC: the current best 95 % 
confidence level (CL) lower limits on the graviton mass 
for k/Mpi= 0.1 are 1.95 TeV [3 and 1.84 TeV 0]. The 
former limit has been obtained from an analysis of the 
G — ee//j,/^/77 channels in data corresponding to an in- 
tegrated luminosity of 2.1 fb""'^ collected by the ATLAS 
experiment. The latter limit has been obtained from an 
analysis of the G — 77 channel in data corresponding to 
an integrated luminosity of 2.2 fb""'^ collected by the CMS 
experiment. The limits from earlier searches at the Teva- 
tron can be found in Refs. [H, 

Arkani-Hamed, Dimopoulos, and Dvali (ADD) f7^ pro- 
posed a different scenario for extra dimensions. Moti- 
vated by the weakness of gravity, they postulated the ex- 
istence of n flat additional spatial dimensions compacti- 
fied with radius R, and proposed a model in which only 
gravity propagates in the extra dimensions. The funda- 
mental Planck scale in the (4 -|- n)-dimensional spacetime, 
Mp), is related to the apparent scale Mpi by Gauss's law: 
Mp; = M^+'^R'\ The mass splitting of the graviton KK 
modes is 1/i? for each of the n extra dimensions. In the 
ADD model, resolving the hierarchy problem usually re- 
quires small values of 1/i?, giving rise to an almost con- 
tinuous spectrum of KK graviton states. The symbol G 
is used to denote KK graviton states in both the RS and 
ADD models. The existence of ADD extra dimensions can 
manifest itself in proton-proton (pp) collisions through a 
variety of processes, including virtual graviton exchange as 
well as direct graviton production. While processes involv- 
ing direct graviton emission depend on Mpi , effects involv- 
ing virtual gravitons depend on the ultraviolet cutoff of the 
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KK spectrum, denoted Ms- The strength of gravity in the 
presence of extra dimensions is typically parameterised by 
r]G = -^/-^sj where is a dimensionless parameter of or- 
der unity reflecting the dependence of virtual KK graviton 
exchange on the number of extra dimensions. Several the- 
oretical formalisms exist in the literature, using different 
definitions of T and, consequently, of M5: 



J"=l, (GRW) 



J" 



log (Ml/s) 
2/{n-2) 



n = 2 
n>2 



(HLZ) H; 



(1) 
(2) 



J" = ±2/7r, (Hewett) [10|; (3) 

where a/I is the centre-of-mass energy of the parton-parton 
collision. The effect of ADD graviton exchange manifests 
itself as a non-resonant deviation from the SM background 
expectation. The effective diphoton cross section is the 
result of the SM and ADD amplitudes, as well as their 
interference. The interference term in the effective cross 
section is linear in r]G and the pure graviton exchange term 
is quadratic in rye . In previous analyses by the ATLAS and 
CMS collaborations, 95 % CL lower limits on Ms of 2.26- 
3.52 TeV [i| and 2.3-3.8 TeV ^ respectively were set, 
depending on the theoretical formalism used. Searches for 
ADD virtual graviton effects have also been performed at 
other coUiders, e.q. at HERA [HI, [11, LEP [H, [3 and 
the Tevatron 
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This Letter reports the results of a search for extra di- 
mensions in the diphoton channel using the full data sam- 
ple recorded by the ATLAS detector in 2011, correspond- 
ing to a total integrated luminosity of 4.9 fb^^ of pp col- 
lisions at y/s = 7 TeV. The results are interpreted in the 
context of both the ADD and RS scenarios. The dilepton 
and diphoton channels are particularly sensitive for this 
search due to the clean experimental signature, excellent 
mass resolution and modest backgrounds. The branching 
ratio for graviton decay to two photons is twice the value of 
that for graviton decay to any individual charged-lepton 
pair. This search is an extension of an earlier study [3| 
performed with 2.1 fb~^ and it allows a larger region of 
the parameter space of the models to be explored. Many 
of the techniques developed in Ref. [3| are reused in the 
present study. Refinements in the background estimate 
are described in detail below. The dataset from Ref. [1] is 
included in the present study. It has been reprocessed in 
order to benefit from improvements in the reconstruction 
and calibration procedures. 

2. The ATLAS detector 



The ATLAS detector is a multipurpose particle physics 
instrument with a forward-backward symmetric cylindrical 
geometry and near At: solid angle coverage[3 A detailed de- 
scription of the ATLAS detector can be found in Ref. 
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The inner tracking detector (ID) consists of a silicon pixel 
detector, a silicon microstrip detector, and a transition ra- 
diation tracker. The ID is surrounded by a superconduct- 
ing solenoid that provides a 2 T axial magnetic field. The 
ID allows an accurate reconstruction of tracks from the 
primary pp collision and also identifies tracks from sec- 
ondary vertices, permitting the efficient identification of 
photon conversions. 

The electromagnetic calorimeter (ECAL) is a 
lead/liquid- argon (LAr) sampling calorimeter with 
an accordion geometry. It is divided into a barrel section, 
covering the pseudorapiditj[l region \r]\ < 1.475, and 
two endcap sections, covering the pseudorapidity regions 
1.375 < 1 77 1 < 3.2. It consists of three longitudinal layers 
for \ri\ < 2.5 and two for 2.5 < \r]\ < 3.2. Up to \ri\ < 2.4, 
the first one uses highly granular "strips" segmented in the 
77 direction for efficient event- by- event discrimination be- 
tween single photon showers and two overlapping showers 
originating from tt*^ decay. The second layer collects most 
of the energy deposited in the electromagnetic calorimeter 
by photon showers. Significant energy deposits in the 
third layer are an indication for leakage beyond the ECAL 
from a high energy shower. The measurements from the 
third layer are used to correct for this effect. A thin 
presampler layer in front of the accordion calorimeter, 
covering the pseudorapidity interval \r]\ < 1.8, is used to 
correct for energy loss upstream of the calorimeter. 

The hadronic calorimeter (HCAL), surrounding the 
ECAL, includes a central (|?7| < 1.7) iron/scintillator tile 
calorimeter, two endcap (1.5 < |?7| < 3.2) copper/LAr 
calorimeters and two forward calorimeters that extend 
the coverage to \r]\ < 4.9, using copper and tungsten as 
absorber. The muon spectrometer, located beyond the 
calorimeters, consists of three large air-core superconduct- 
ing toroid systems, instrumented with precision tracking 
chambers as well as fast detectors for triggering. 

3. Trigger and event selection 

The analysis uses data recorded by ATLAS between 
March and October 2011 during stable-beam periods of 
pp collisions at y/s = 7 TeV. A three-level trigger system 
is used to select events containing two photon candidates. 
The first level trigger is hardware-based and relies on a 
readout with coarse granularity. The second- and third- 
level triggers, collectively referred to as the high-level trig- 
ger (HLT), are implemented in software and exploit the 
full granularity and energy calibration of the calorimeter. 
Selected events have to satisfy a diphoton trigger where 
each photon is required to satisfy, at the HLT level, a 



^ ATLAS uses a right-handed coordinate system with its origin 
at the nominal interaction point (IP) in the centre of the detector 



and the 2;-axis along the beam pipe. The x-axis points from the 
IP to the centre of the LHC ring, and the y axis points upward. 
Cylindrical coordinates (r, </)) are used in the transverse plane, <f) 
being the azimuthal angle around the beam pipe. 

^The pseudorapidity is defined in terms of the polar angle 9 as 
ri = -lntan(6»/2). 
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transverse energy requirement > 20 GeV and a set of 
requirements 
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19| on the shape of the energy deposit. 
This set includes criteria for the energy leakage into the 
hadronic calorimeter and for the width of the shower in 
the second layer of the ECAL. This trigger is nearly 100 % 
efficient for diphoton events passing the final selection re- 
quirements. 

Only events satisfying the standard ATLAS data qual- 
ity requirements and having at least one primary collision 
vertex with at least three tracks are kept. Photon candi- 
dates reconstructed in the precision regions of the barrel 
(|r?| < 1.37) or the endcaps (1.52 < \r]\ < 2.37), with 
> 25 GeV and satisfying the same requirements on 
the shower shape as the trigger are preselected. These 
requirements on the photon candidates are referred to as 
the loose selection. The two highest-£'^ photon candi- 
dates each have to satisfy a set of stricter requirements, 
referred to as the tight photon definition, which includes 
a more stringent selection on the shower width in the sec- 
ond layer of the ECAL and additional requirements on the 
energy distribution in the first layer of the ECAL. In ad- 
dition, the two photon candidates of interest have to sat- 
isfy a calorimetric isolation requirement, E^° < 5 GeV. 
This isolation is computed by summing the transverse en- 
ergy over the cells of the calorimeters in a cone of radius 
AR = \/{ri- 77^)2 -I- (0 - < 0.4 surrounding the pho- 
ton candidate. Here (77, </>) denotes the cell position and 
{rf^cfP) denotes the position of the photon cluster. The 
transverse energy contribution in the centre of the cone, 
which contains the photon cluster, is subtracted. Correc- 
tions, based on simulations, are applied to account for the 
expected energy leakage from the photon into the isola- 
tion region. An ambient energy correction, based on the 
measurement of low- transverse- momentum jets [i^ is also 
applied, on an event- by- event basis, to remove the contri- 
butions from the underlying event and from pileup which 
results from the presence of multiple pp collisions within 
the same or nearby bunch crossings. 



4. Event simulation 

Monte Carlo (MC) simulations are used to study the re- 
sponse of the detector to various RS and ADD scenarios as 
well as SM diphoton processes. The MC generators used 
in this analysis are listed below. For samples generated 
using Pythia 21 [, the ATLAS parameter tunes [l^l are 
used in the event generation. For samples generated us- 
ing Pythia or Sherpa [23] , the generated events are pro- 
cessed through the Geant4 24 [ detector simulation [25[. 
Then the simulated events are reconstructed with the same 
procedure as is used for the data. To reproduce the pileup 
conditions of the data, the simulated events are reweighted 
to match the observed distribution of the average number 
of interactions per bunch crossing. The determination of 
the number of interactions per bunch crossing is discussed 
in Ref. M- 



Pythia 6.424 with MRST2007LOMOD [27| parton dis- 
tribution functions (PDFs) is used to simulate the SM 
diphoton production at leading order (LO). In addition, 
the next-to-leading (NLO) correction and the contribu- 
tion of the fragmentation processes are evaluated using 
DiPHOX [281 1.3.2 with MSTW2008NLO .29] PDFs and 
lead to an invariant-mass-dependent correction of the 
Pythia prediction. Samples of RS events are produced 
using the same generator and PDFs as for the SM dipho- 
ton samples. They are used to study the selection effi- 
ciency and the shape of the reconstructed invariant mass 
spectrum for various values of the graviton mass mo be- 
tween 400 GeV and 3000 GeV and values of k/Jdpi in the 
range [0.01,0.1]. ADD models are simulated for various 
Ms values using Sherpa 1.3.1 with CTEQ6L [s^ PDFs. 
The ADD MC samples are used to evaluate the number 
of signal events passing the selection as a function of Ms- 
An NLO K-factor of 1.75±0.10 is considered for the RS 
scenario and one of 1.70±0.10 is considered for the ADD 
scenario. These K-factors have been provided by the au- 
thors of Refs. 
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5. Background estimate 

The dominant background in this analysis is the irre- 
ducible background due to SM 77 production. Another 
significant background component is the reducible back- 
ground which arises from events in which one or both of 
the photon candidates result from a different object be- 
ing misidentified as a photon. This background is dom- 
inated by 7 -|- jet (j) and j + j events, with one or two 
jets faking photons, respectively. Backgrounds with elec- 
trons faking photons, such as the Drell-Yan production of 
electron-positron pairs as well as W/Z+^ and tt processes, 
have been verified to be negligible after the event selection. 

We first describe the tools and samples that are used to 
predict the contributions from the SM 77 background to 
the high-mass signal region, as well as their main limita- 
tion. We then describe in detail the two-step procedure 
that is used to overcome this limitation and to obtain our 
background estimate. 

The estimate of the irreducible background makes use 
of the NLO calculations [2^ that are available for the SM 
77 production processes. The uncertainty in the absolute 
normalisation of the 77 cross section is, however, quite 
substantial: ~ 20 % (~ 25 %) uncertainty on the cross sec- 
tion for 77 events with an invariant mass m-y^ > 200 GeV 
(m^-y > 1200 GeV) with both photons in the detector ac- 
ceptance. The background estimates, which are discussed 
in detail below, are therefore normalised to the data in 
the low-mass control regiord ([142,409] GeV) where the 



•^The exact values of the upper and lower bound of the low-mass 
control region have been chosen to coincide with the boundaries of 
the first bin in Table ^ The results of this search are not altered 
by small variations of the control region edges nor a change of the 
binning. 
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presence of any signal beyond the SM has been excluded 
by previous searches. Compared to the use of NLO calcu- 
lations to predict the absolute rate of SM 77 production 
in the high-mass signal region, the use of NLO calcula- 
tions for the extrapolation of the SM 77 production rates 
from the low-mass control region to the high-mass signal 
region results in significantly smaller uncertainties. The 
extrapolation method is described in detail below, along 
with quantitative estimates of the final uncertainties. 

Following these considerations, the estimate the 
m~f^ spectrum of the background events is done in two 
steps. First the shape of the m-y^ spectrum is determined, 
separately for each background component. Then the nor- 
malisation for each component is determined using the 
low-mass control region. 

The shape of the m^-y spectrum from SM 77 produc- 
tion is estimated using simulated events, reweighting the 
Pythia samples to the differential (in m^^) cross section 
predicted using Diphox. 

The shape of the reducible background is estimated us- 
ing data-driven techniques. It is split into three compo- 
nents: 7 -|- j events (the leading- £'t photon candidate is 
due to a real photon), j -I- 7 (fake leading photon candi- 
date) and j + j. Separately for each component, several 
data control samples that are enriched in the given com- 
ponent are defined. The shape of the 7 -I- j background is 
estimated from a data control sample that is selected in 
the same way as the signal sample, except that the sub- 
leading 7 candidate is required to pass loose identification 
criteria and to fail tight identification criteria. The con- 
trol samples used to extract the shapes of the m^^ spec- 
tra of j -I- 7 and j + j backgrounds are defined following 
the same approach, i.e. by requiring the leading photon 
candidate (j -f- 7 background) or both candidates (j -|- j 
background) to pass loose and to fail tight identification 
criteria. Since the data control samples contain relatively 
few events at high fit to a smooth function of the 

form f{m^^) = pi x (m^^)^^^''^ , where the pi are 
free parameters, is used to extrapolate the reducible back- 
ground shapes to higher masses. This functional form has 
been used in the CDF dijet search [33| and in previous 
ATLAS searches in the dilepton 34 1, dijet (ssj, photon- 
jet and diphoton channels, and it describes the 
shapes of the data control samples well. In contrast to the 
earlier version of this analysis Q , the shapes of the three 
components of the reducible background are modelled sep- 
arately. 

To determine the contributions of each of the four 
sources (the irreducible 77 component plus the three re- 
ducible components, 7-I-J, j + J and j +j) to the low-mass 
control region, a two-dimensional template fit to the dis- 
tributions of the calorimetric isolation {E^°) of the two 
photon candidates is used. For the purpose of this fit, the 
isolation requirement in the event selection is relaxed to 
E}^° < 25 GeV. This method has been used previously 
in Refs. 37, [sl] and in an earlier version of this analy- 
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Figure 1: Observed invariant mass distribution of diphoton events. 
Superimposed are the SM background expectation and the expected 
signals for two examples of RS and ADD models. In addition to the 
total background, the contribution from the reducible component is 
shown. The black arrow indicates the boundaries of the control re- 
gion. To compensate the rapid decrease of the spectrum, the bins 
have been chosen to have constant logarithmic width. Specifically, 
the ratio of the upper to lower bin boundary is equal to 1.038 for 
all bins, and the first bin starts at 142 GeV. The bin-by-bin signif- 
icance of the difference between data and predicted background is 
shown below the main plot. Following the convention of Ref. I39i . 
the significance is set to zero for bins with insignificant deviations 
with respect to a small expected background. This concerns mainly 
the bins at large m-y-y where a fraction of an event is expected (on 
average) and where zero events are observed. 



sis . Templates for the E}^° distribution of true photons 
and of fake photons from jets are both determined from 
data. The shape for fake photons is determined using a 
sample of photon candidates that fail the tight require- 
ment but pass a set of requirements referred as the loose' 
selection. This loose' selection includes the same require- 
ments as the loose selection plus additional requirements 
that reduce the correlation between the identification and 
the isolation. The shape for true photons is found from 
the sample of tight photon candidates, after subtracting 
the fake photon shape normalised to match the number of 
candidates with large values of {Ei^" > 10 GeV; this 
control region is dominated by fake photons). Both the 
signal templates and fake templates are constructed sepa- 
rately for leading and subleading photon candidates. The 
significant correlation (~ 20 %) between thes E^° values 
of the two fake photons in the j +j background is included 
in the two-dimensional template for this background com- 
ponent. The background expectation as a function of rri'yj 
is summarised in Fig.[T]and Table[T] Fig. [5] details the dif- 
ferent contributions to the uncertainty in the background 
expectation. 

The uncertainties in the shape of the irreducible back- 
ground are dominated by the uncertainties in the PDFs 
that are used with Diphox. Those uncertainties are eval- 
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Table 1: Expected numbers of events from the irreducible and reducible background components, as well as the total background prediction 
and observed numbers of events in m-y-, bins. The table quotes the sum of the statistical and systematic uncertainties in the background 
expectations. The boundaries of all bins in this table have been chosen to coincide with bin boundaries in Fig. ^ As discussed in the text, 
the background estimate is normalised to the data in the low-mass control region [142, 409] GeV. Since the uncertainties in the normalisation 
are strongly anticorrelated between the reducible and irreducible components, their impact on the estimate of the total background is smaller 
than their impact on the individual components. By construction, the uncertainties in the control region are 100% anticorrelated and the 
total background expectation is identical to the number of observed events. 
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Figure 2: Uncertainty in the total background expectation as a func- 
tion of m^-y. Also shown are the individual contributions from the 
uncertainties in the shapes of the irreducible and the reducible com- 
ponents, as well as the contribution from the uncertainties in the 
yields (normalisations) of the different background components ex- 
tracted from the low-mass control region. Since the number of events 
in the low-mass control region is dominated by the lowest masses, 
the background uncertainties are particularly small at the low end 
of the control region. 



uated using the MSTW2008 NLO eigenvector PDF sets 
and using CTEQ6.6 and MRST2007LOMOD PDF sets 
for comparisons. The spread of the variations includes the 
difference between the central values obtained with the 
different PDF sets. Smaller contributions arise from resid- 
ual imperfections in the simulation of the isolation vari- 



able E}f^ and from higher-order contributions that are not 
included in the Diphox model. The latter contribution is 
evaluated by varying in a coherent and an incoherent way 
the renormalisation, the initial factorisation and the final 
factorisation scales by a factor two around their nominal 
value, which is the invariant mass of the diphoton system. 
The shape predictions from Diphox are found to be in 
good agreement with those obtained using an alternative 
NLO generator, MCFM [40ii (^it^ the same PDF set as 
Diphox). The small difference between the two genera- 
tors is assigned as an additional systematic uncertainty. 
It represents a negligible contribution for ra^~^ > 1 TeV. 
The uncertainties in the shape of the reducible background 
arise from the finite size of the background control sam- 
ples, and from the extrapolation of the background shapes 
from the control sample to the signal region. The latter are 
assessed by varying the definition of the loose selection re- 
quirement which is used to define the control samples. The 
shape uncertainty of the reducible background has a small 
impact on the total background (Fig. This is mainly 
because the reducible background is a small contribution 
to the total (Tabled]). The uncertainties in the normal- 
isation of the background components are dominated by 
the uncertainties in the templates used in the fit to the 
E)f^ distributions. The uncertainties in the templates are 
assessed by varying the definition of the loose' selection 
requirement used in the extraction of the templates. They 
are then propagated to the normalisations by repeating 
the template fits with the varied templates. 
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6. Systematic uncertainties in the signal models 

Experimental systematic uncertainties on the signal 
yields are evaluated for both the RS and the ADD sig- 
nals. The main systematic uncertainties arise from the 
non-perfect simulation of the quantities used for the iden- 
tification of photons and in the isolation requirements. For 
the former, the data-driven estimates from Ref. [3l are 
used, together with an extrapolation to larger values of 
Pt, which are relevant in the present search. In the RS 
scenario, these uncertainties on the photon identification 
translate into a relative uncertainty of 4.7% to 3.3% on the 
signal yield for mc values of 0.5 TeV to 2.5 TeV. In the 
ADD scenario, the relative uncertainty on the signal yield 
is 4.5% with a weak dependence on Ms- For the latter, 
a study comparing the data sample and simulation has 
shown that a 1 GeV shift of the isolation distribution in 
the simulation covers possible discrepancies between data 
and simulation in the signal region. In the RS scenario, 
these uncertainties translate into a relative uncertainty of 
4% to 7% on the signal yield for mc values of 0.5 TeV 
to 2.5 TeV. In the ADD scenario the relative uncertainty 
on the signal yield is of ~ 6% with a weak dependence on 
Ms- The uncertainty on the integrated luminosity for the 
complete 2011 dataset is 3.9%, based on the calibration 
described in Refs. [26, 41j plus an additional uncertainty 
for the extrapolation to the later data-taking period with 
higher instantaneous luminosity. An uncertainty of 2 % on 
the trigger efficiency arises from differences between the 
measured trigger efficiency in data and simulated samples. 
Given that the sum in quadrature of all experimental sys- 
tematic uncertainties depends only weakly on the signal 
scenario, one common number, 9%, is used for all scenar- 
ios as a relative uncertainty on the signal yield. 

Uncertainties from limited Monte Carlo sample sizes, 
as well as uncertainties in the RS resonant shape due to 
the current knowledge of the electromagnetic energy scale 
of the calorimeter, the resolution of the detector and the 
pileup conditions were verified to have a negligible impact 
on the result. The theoretical uncertainties considered in 
this analysis are detailed in Ref. 0] . To summarise, an un- 
certainty of 10 % to 15 % in the signal yields due to PDFs 
is considered for ADD, and 5 % to 10 % for RS. The theory 
uncertainties are not included in the limit calculation, but 
their size is indicated in Fig. [31[a), where graphical repre- 
sentations of the limits discussed in Section [7] are shown. 

7. Results and interpretation 

A comparison of the observed invariant mass spectrum 
of diphoton events and the background expectation is 
shown in Fig. [1] along with the statistical significance of 
the bin-by-bin difference 39] between data and the ex- 
pected background. This significance is plotted as positive 
(negative) for bins with an excess (deficit) of data. Also 
shown are the expected signals for two examples of RS 
and ADD models. The geometrical acceptance for the RS 



scenario with niQ = 1.5 TeV and k/Mpi — 0.1 shown in 
Fig. [1] is 88 % and the selection efficiency for events within 
the acceptance is (54±5)%. Both Fig.[T]and Table[T]show 
that, over the entire m-y-y range, the data are in good agree- 
ment with the expectations from SM backgrounds. The 
BumpHunter algorithm [i^ is used to further quantify 
the level of agreement between data and the SM back- 
ground expectation. The BumpHunter performs a scan 
of the mass spectrum in windows of progressively increas- 
ing width. It identifies the window with the most signifi- 
cant excess of data events over the background expectation 
anywhere in a predefined search region. In this analysis, 
the binned mass spectrum of Fig. [T] is used, the search re- 
gion is defined as 142 < m^^ < 3000 GeV and the window 
size is allowed to vary from one bin to half the number of 
bins in the search regiorQ. The most significant excess is 
found in the region 1312 < m-y-y < 1644 GeV. The proba- 
bility of observing, due to fluctuations in the background 
only, an excess that is at least as significant as the one 
in data is 0.86. This confirms the absence of a significant 
excess in the mass spectrum. 

Given the absence of evidence for a signal, 95 % CL up- 
per limits were determined on the RS signal cross section. 
The limits are computed using a Bayesian approach (43j 
assuming a flat prior for the RS cross section. The like- 
lihood function is defined as the product of the Poisson 
probabilities over all mass bins in the search region de- 
fined as m^j > 409 GeV. In each bin the Poisson proba- 
bility is evaluated for the observed number of data events 
given the model prediction. The model prediction is the 
sum of the expected background and the expected signal 
yield. The expected signal yield is a function of the gravi- 
ton mass ttiq and the signal cross section times branching 
fraction a x B{G ^ 77). Systematic uncertainties are in- 
corporated as nuisance parameters with Gaussian priors; 
the computation of the likelihood function includes inte- 
gration over the variation in each of these. The RS model 
results can be combined with the results from the dilepton 
channel i4j| to obtain limits on ct x B{G — ^ / ee/ nji). 
Relative branching ratios of a{G — >■ ee)/a{G fifi) — 1 
and (t(G — >■ "/"/)/ a{G — ee) = 2 [4^ are assumed for the 
purpose of this combination. Correlations between the 
systematic uncertainties for different channels are taken 
into account in the combination, as discussed in Ref. [3|. 
Specifically, the systematic uncertainty in the QCD di- 
jet background is treated as fully correlated across the ee 
and 77 channels. The PDF and scale uncertainties are 
treated as correlated across all three channels, and affect 
the irreducible background in the 77 channel as well as 
the Drell-Yan background in the ee//i/i channels. The re- 
sulting limits are shown in Fig. 3(a) The limit can be 



interpreted in the plane (mck/Mpi) using the theoret- 



*While the background is normalised to the data in the low-mass 
control region, the presence of a bump inside this region would still 
be visible. This motivates the choice of the lower limt of the search 
region. 
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K-factor 
value 


Channel(s) 
Used 


95 % CL Observed (Expected) Limit [TcV] 


k/Mpi value 
0.01 0.03 0.05 0.1 


1 


G — > 77 
G 77/ee//i/i 


0.87 (0.88) 1.31 (1.36) 1.49 (1.60) 1.91 (1.92) 
0.91 (0.95) 1.39 (1.48) 1.62 (1.75) 2.10 (2.10) 


1.75 


G 77 
G — > ^^jeej ihjl 


1.00 (0.98) 1.37 (1.49) 1.63 (1.73) 2.06 (2.05) 
1.03 (1.08) 1.50 (1.63) 1.89 (1.90) 2.23 (2.23) 



Table 2: 95% CL lower limits on the mass [TeV] of the lightest RS graviton, for various values of k/Mpi. The results are shown for the 
diphoton channel alone and for the combination of the diphoton and dilepton channels, and also for both LO and NLO (K-factor = 1.75) 
theory cross-section calculations. 




Figure 3: (a) Expected and observed 95% CL limits from the combination of G — ^ channels on cr X _B, the product of the RS 

graviton production cross section and the branching ratio for graviton decay via G — ^ 77/ee//i/i, as a function of the graviton mass. The 
—la and -2a variations of the expected limit exhibit a tendency to be particularly close to the expected limit at large rriQ. This behaviour 
is expected as signals with large mo would manifest themselves in regions of m~f^ where the SM background is small and the poissonian 
fluctuations around the mean expected back gro und are highly asymmetric. The theory curves are obtained using the Pythia generator, 
which implements the calculations from Ref. [4511 . A K-factor of 1.75 is applied on top of these predictions to account for NLO corrections. 
The thickness of the theory curve for k/Mpi =0.1 illustrates the theoretical uncertainties due to the PDFs expressed at 90% CL. (b) The 
RS results interpreted in the plane of k/Mpi versus graviton mass. The region above the curve is excluded at 95% CL. 



ical dependence of the cross section on these parameters 



(Fig. 3(b) I . Alternatively, for a given value of k/Mpi, the 
limit can be translated into a limit on ma- The limits 
on niG are summarised in Table [2] Using a constant K- 
factor of 1.75, the 95 % CL lower limit from the diphoton 
channel is 1.00 (2.06) TeV for k/Mpi= 0.01 (0.1), and 
the_combined 95% CL lower limit is 1.03 (2.23) TeV for 
A;/Mp;=0.01 (0.1). 

A counting experiment is performed to set limits on the 
ADD model. Specifically, the number of diphoton events 
is counted in a search region above a given threshold in 
mj-y. The mass threshold is chosen to optimise the ex- 
pected limit on the difference in the diphoton cross sec- 
tion for m-yj > 500 GeV between the ADD model and 
the SM-only hypothesis. For the purpose of this optimi- 
sation, a specific implementation of the ADD model and 
specific values of the parameters have to be chosen. For 



Expected limit 




Observed limit 


—2(7 —la mean +la 


+2(7 




3.08 3.08 5.18 5.96 


8.53 


7.21 



Table 3: Expected and observed limits at 95 % CL on the number of 
signal events in the search region at m-yj > 1217 GeV. 



n — 2, Ms = 2500 GeV in the GRW convention, an op- 
timal search region is obtained at m^^ > 1217 GeV. In 
the data, 4 events are observed in this search region, with 
a background expectation of 2.32 ± 0.37 events. The ex- 
pected and observed 95 % CL upper limits on the number 
of signal events above the SM background in the search 
region are given in Table [3] 

These limits on the event yield can be translated into 
limits on the parameter rjc of the ADD model using a 
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K-factor 
Value 


ADD 

Parameter 


GRW 


Hewett 
Neg. Pos. 


HLZ 

n — i n = A n = 5 n = 6 n = 7 


1 


VG 


0.0115 
3.05 


-0.0191 0.0115 
2.40 2.73 


0.0115 

3.63 3.05 2.76 2.57 2.43 


1.70 


Ms 


0.0085 
3.29 


-0.0159 0.0085 
2.52 2.94 


0.0085 

3.92 3.29 2.98 2.77 2.62 



Table 4: Observed 95% CL limits on the ADD model parameters rjc [XeV""] and Ms [TeV] for various ADD models. 



prediction of the expected excess of events over the SM- 
only background as a function of rjc- This translation 
is shown, for one specific implementation of the ADD 
model, in Fig. |4l The limits for different ADD scenar- 
ios are summarised in Table El Using a constant K-factor 
of 1.70, the 95% CL upper (lower) limit on rye is 0.0085 
(—0.0159) TeV~'* for constructive (destructive) interfer- 
ence. 
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Figure 4: Number of signal events as a function of tjq. The solid 
horizontal line corresponds to the observed limit, the dashed line cor- 
responds to the expected limit and the bands to the ztlcr and ±2(T 
uncertainty on the expected limit. The black curve corresponds to 
MC predictions from various samples v^ithout applying the K-factor 
of 1.70. The band around it illustrates the theoretical uncertainties 
due to the PDFs expressed at 90% CL. The samples at positive (neg- 
ative) riQ have been simulated using the GRW (Hewett) formalism. 
When the prediction is greater than the limit line, the corresponding 
value for TjQ is excluded. 



8. Summary 

A search for evidence of extra dimensions has been per- 
formed in the diphoton channel, based on the full 2011 
dataset collected by the ATLAS detector at the LHC 
(4.9 fb^^ of proton-proton collisions at y/s = 7 TeV). 
A lower hmit of 1.00 (2.06) TeV at 95% CL is set on 
the mass of the lightest RS graviton, for RS couplings of 
k/Mpi = 0.01(0.1). These limits are further tightened 
to 1.03 (2.23) TeV for k/Mpi = 0.01 (0.1) by combining 
with the ATLAS dilepton searches based on the 2011 data. 



These new limits are a significant improvement over the 
previous best limit of 1.95 TeV at k/JIpi = 0.1 01. In the 
ADD scenario, lower limits of between 2.52 and 3.92 TeV 
at 95 % CL are set on the Ms scale, depending on the 
number of extra dimensions and the theoretical formalism 
used. These limits are a significant improvement of the 
previous best limit of 2.3-3.8 TeV fl. 
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V. Chernyatin^s, E. Cheu^ S.L. Cheungi^s, L. Chevalieri^e, Q. Chiefarii02a,i02b^ L. ChikovaniSi^-*, J.T. Childers^o, 
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11 
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P. Fleischmann"'', S. Flcischmann"^ T. Flick^'^^^ a. Floderus'^^, L.R. Florcs Castilloi'^^^ M.J. Flowerdew^^, 
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L. Goossens^o, P.A. Gorbounov9^ H.A. Gordon^^, I. Gorelov^o^^ G. Gor^ine"^ B. Gorini^o, E. Gorini^2a,72b^ 
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J-Y. Hostachy'^^ S. Rou^''^ A. Hoummadai^''^^, J. Howard"^, J. Howartli'^^ I. Hristova^^ J. Hrivnac"'\ T. Hryn'ova^ 
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B. Jaeksoni20^ j.N. Jaekson^^ P. Jaekson\ M.R. Jaekel^o, V. Jain^", K. Jakobs'*^ S. Jakobsen^e, T. Jakoubeki^s, 
J. Jakubeki27, D.O. Jamini^i, D.K. Jana^", E. Jansen^^ H. Jansen^o, A. Jantsch^^, M. Janus^^, R.C Jared"^, 
G. Jarlskog'^9, L. Jeanty^'^, I. Jen-La Plante^i, D. Jennens8^ P. Jenni^o, A.E. Loevschall-Jensen^e, P. Jez^^, 
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S. Jezequel^ M.K. Jha^o^, H. Ji^^^^ ^ jjSi^ j jj^us^ y jiang^sb^ m. Jimenez Belenguer^^^ S. Jin^^**, O. Jinnouchii^^, 

M.D. Jocrgcnscn^e, D. Joffc^", M. Johanseni46a,i46b^ E Johansson"6a^ p. Johanssoni39, S. Johncrt42, K.A. Johns^ 

K. Jon- Andi'^ea, 146b ^ q Jones^^°, R.W.L. Jones^\ T.J. Jones'^^^ C. Joram^o, P.M. Jorgei24a, k.D. Joshi^^ 

J. Jovicevic^^^ T. Jovini^b, x. Ju^^^^ q Jung^^^ ^IM. Jungst^o, V. Juranek^^s, R Jussel^S A. Juste Rozas^^, 

S. Kabana^^ M. Kaci^e^^ A. Kaczmarska^^, P. Kadlecik^e, M. Kado"^^ H. Kagani"", M. Kagan^^, E. Kajomovitzi^^ 

S. Kalinini^s^ L.V. Kalinovskaya^"*, S. Kama''°, N. Kanayal5^ M. Kaneda^^ S. Kaneti^^, T. Kanno^", 

V.A. Kantserov^^, J. Kanzaki^s, B. Kaplan^o^, A. Kapliy^^, J. Kaplon^o, D. Kar^^^ M. Karagounis^i, K. Karakostas^o, 

M. Karncvskiy''2, V. Kartvelishvili^i , A.N. Karyukhini^s, L. Kashif"^^ G. Kasicczka^^^, R.D. Kass^^^ A. Kastanas^^, 

M. Kataoka^ Y. Kataoka^5^ E. Katsoufis^", J. Katzy''^ V. Kaushik^, K. Kawagoe'^^, T. Kawamoto^^^, 

G. Kawamura^S M.S. Kayll°^ S. Kazamal5^ V.F. Kazaninio^ M.Y. Kazarinov^*, R. Keeler^ss, RT. Keener^^o, 

R. Kehoe^o, M. Kcil'^"^ q j) Kekelidze^^, J.S. Kcllor^^s, M. Kenyon^'^ O. Kepka^^s, N. Kcrschen^o, B.P. Kersevan^^ 
S. Kersten^^s^ K. Kessokul^^ J. Keung^^s, F. Khalil-zada", H. Khandanyan"6a,i46b^ ^ Khanov"^ D. Kharchenko'^"^ 
A. KhodinovQ*^, A. KhomichSS'*, T.J. Khoo^^, G. Khoriauli^i, A. Khoroshilovl^^ V. Khovanskiy9^ E. Khramov6^ 
J. Khubua^ib, H. Kini"6a,i46b^ g jj Kim^^", N. Kimurai^i, O. Kindl^ B.T. King^^^ M. King^e, R.S.B. King"^ 
J. Kirki29, A.E. Kiryunin^^, T. Kishimoto''^ D. Kisielewska^^, T. Kitamura'^^ T. Kittelmanni^a, K. Kiuchii^^, 
E. Kladiva^^^'', M. Klein^^^ U. Klein^^^ K. Kleinknecht*\ M. Klemetti«^ A. Klier^^^^ P. Klimeki^^'^'i^^'', 

A. Klimentov25, R. Klingenberg^s, J.A. Klinger82, E.B. Klinkby^e, T. Klioutchnikova^o, P.P. Klokio*, S. Klousio^^ 

E. -E. Kluge^S'^, T. Kluge^^^ P. Kluit^o^, S. Kluth^^, N.S. Knecht^5^ E. Kneringer^i, E.B.F.G. Knoops^^, A. Knue^^, 

B. R. Ko^^ T. Kobayashiiss, M. Kobel^*, M. Kocian"3, R Kodys^^e^ ^ Koneke^^, A.C. Konig^o^, S. Koenig^i, 

L. Kopke^i, F. Koetsveldio^^ P. Koevesarki^i, T. Koffas^^, E. KoffcmanlO^ L.A. Kogan^i^, S. Kohlmanni^^^ F. Kohn^^, 

Z. Kohouti27, T. Kohriki^s, T. Koi^^^, G.M. Kolachev^o^'*, H. Kolanoskii^, V. Kolesnikov'^'*, I. Koletsou^^'^, J. Koll^^, 

A.A. Komar^^, Y. Komoril5^ T. Kondo^s, T. Kono42.«, A.I. Kononov^^ R. Konoplich^o^'*, N. Konstantinidis^^, 

S. Koperny38, K. Korcyl^^, K. Kordasi^^^ ^ Korn"^^ A. KoroliO'', I. Korolkovi2, E.V. Korolkovai^^ V.A. Korotkov^^s^ 

O. Kortner^s, S. Kortner^^, V.V. Kostyukhin^i, S. Kotov9^ V.M. Kotov^^, A. Kotwal'^^ C. Kourkoumelis^, 

V. Kouskoura^^^, A. Koutsmani^Sa^ r. Kowalewskii^s, T.Z. Kowalski^s, W. Kozanecki^^e, A.S. Kozhin^^s, V. Kral^^^, 

V.A. Kramarenko^^, G. Krambcrger^^, M.W. Krasny^®, A. Krasznahorkay^"^, J.K. Kraus^^, S. Kreiss'^'^®, F. Krejci"'^^^^ 

J. Kretzschmar'''^, N. Krieger^'*, P. Krieger^^^, K. Kroeningcr''^, H. Kroha^^, J. KroU^^o^ j Kroseberg^^, J. Krstic^^'*, 

U. Kruchonak^^, H. Kriiger^i, T. Krukeri'', N. Krumnack^s, Z.V. Krumshteyn^^, T. Kubota*^ S. Kuday^*^, 

S. Kuchn4^ A. Kugel^s^ T. Kuhl'*2, D. Kuhn^i, V. Kukhtin^^, Y. Kulchitsky^o, S. Kuleshov^^b, C. Kummer^s, 

M. Kuna^s, J. Kunkle^^o, A. Kupco^^s, H. Kurashige^^, M. Kurata^^^o, Y.A. Kurochkin^", V. Kus^^^, E.S. Kuwertz"^, 

M. Kuzel5^ J. Kvita"2^ Kwee^e, A. La Rosa^^^ L. La Rotonda^^'^.a^b^ L Labarga^^, J. Labbe^ S. Lablak^^sa^ 

C. Lacasta^^^ F. Lacava"2a432b^ jj Lackeri^, D. Lacour^^, V.R. Lacuestai^^^ E. Ladygin^*, R. Lafaye^, B. Laforge^^, 
T. Lagouri^''^, S. Lai***, E. Laisne^^, M. Lamanna^°, L. Lambourne^^, C.L. Lampen^, W. Lampl^, E. Lancon^^^, 

U. Landgraf^^, M.P.J. Landon7^ J.L. Lane82, V.S. Lang^*^, C. Lange42, A.J. Lankford^^^^ p Lanni25, K. Lantzschl^^ 

A. LanzaiiS'^, S. Laplace^^ C. Lapoire2i, J.F. Laporte^^e^ rp LarP'^, A. Larner"^ M. Lassnig^o, P. Laurelli'*^ 

V. Lavorini3'^'^'37b^ Lavrijscni''', P. Laycock^^, O. Le Dortz'^^, E. Le Guirriec^^, E. Le Menedeui2^ x. LeCompte^, 

F. Ledroit-Guillonss, H. Lee^os^ J.S.H. Lee"^ S.C. Lee^^^, L. Leel^^ M. Lefebvreies, M. Legendre^e, p. Legger^^, 
C. Leggetti'^, M. Lehniachcr2i, G. Lehmann Miotto^^, M.A.L. Lcite24d^ R. Leitneri26^ j3_ Lcllouchi'^2^ q Lemmer^'', 
V. Lendermann^*^, K.J.C. Lcncyi'^s'^, T. Lenz^o^^ G. Lenzoni^'\ B. Lenzi^o, K. Lconhardt'^'', S. Lcontsinisi", 

F. Lepold'"^*^, C. Lcroy93^ Lcssard^^s, C.G. Lester28, CM. Lcsteri20^ j. Leveque^ D. Levins'^, L.J. Levinsoni^2^ 
A. Lewis"^ G.H. Lewisl°^ A.M. Lcyko2i, M. Leytoni6, B. Li^^, H. Li^^^.u^ g Li^^'^^'', X. LF, Z. Liang^s,"-^ 

H. Liao34, B. Libertii^Sa^ r Lichard^", M. Lichtncckcr9^ K. Lie^^s, W. Liebigi'^, C. Linibach2i, A. Limosani^^ 

M. Limper62, S.C. Lini^i'^, p. Lindclo^ J.T. Linnomann*^^, E. Lipclcsi20^ A. Lipniacka^^, T.M. Liss^^s, D. Lissauer25, 
A. Listcr49, A.M. Litke^^^, C. Liu23, D. Liui^i, H. Liu*^ J.B. Liu^^ L. Liu^^ M. Liu^^b, Y. Lhr''^'', M. Livan"^^'"^'^, 
S.S.A. Livermore"®, A. Llcrcs^'"', J. Llorente Merino^", S.L. Lloyd'^'^ E. Lobodzinska''2, P. Loch'^, W.S. Lockman^-''^, 
T. Loddenkoctter2i, F.K. Locbingcr*^2^ a. Loginoyi'^^ C.W. Lohi^*, T. Lohsei^, K. Lohwasser"**, M. Lokajiccki2s, 
V.P. Lombardo■^ R.E. Long^\ L. Lopcsi24a^ p Lopez Matcos'", J. Lorcnz"*^, N. Lorenzo Martincz"'\ M. Losada"'2^ 
P. Loscutoffi-\ F. Lo Sterzoi^^2a,i32b^ j^j j L^^^yisga,,^ ^ Lou^\ A. Lounis"'\ K.F. Lourciro"'2^ j. Lovc^', P.A. Love^S 

A. J. Lowci43J^ F. Lu^s*^, H.J. Lubatti^'^^, C. Lucii-^2a,i32b^ Lucottc5'\ A. Ludwig"*", D. Ludwig42, L Ludwig^^, 
J. Ludwig"**, F. Luchring^", G. Luijckx"'"^. W. Lukas^'^, L. Luminarii'^2a^ g Lund"^, B. Lmid-Jcnscni"*^, 

B. Lundbcrg^9, J. Lundbcrgi^'^^'i^sb^ O. Lundbcrgi'''^^'i''6b^ j_ Lundquist-'^^^ Lungwitz^S D. Lynn2^ E. Lytken^^, 
H. Ma25, L.L. Mai'^3^ q Maccarrone'''^, A. Macchiolo^'^, B. Macek^"*, J. Machado Migucnsi24a^ Mackeprang^^, 
R.J. Madarasis, H.J. Maddocks^^, W.F. Mader^^, R. Maenner^^^, T. Macno25, P. Mattig"'\ S. Mattig*\ 

L. Magnonii63^ E. Magradzc'^'^, K. Mahboubi''^ J. Mahlstedtl°^ S. Mahmoud^^^ q Mahoutl^ C. Maiani^^e^ 

C. Maidantchik24a, A. Maioi24a.;'^ s. Majowski25, Y. Makida^^, N. Makovcc"^ P. Mal^^e, B. Malacscu^", 

Pa. Malecki^s, P. Malecki^s, V.P. Maleevi2i, F. Malek^s, U. Mallik62, D. Malon^, G. Malone"3, s. Maltezosi°, 
V. Malyshevi°^ S. Malyukov^^, R. Mameghani^^, J. Mamuzici^'^, A. Manabe6^ L. Mandelli^S'^, L Mandic^^, 
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R. Mandrysch^^, J. Maneira^^***, A. Manfredini^^, P.S. Mangeard^^, L. Manhaes de Andrade Filho^^'', 

J. A. Manjarres Ramos^^'^, A. Mann^"*, P.M. Manning"'^, A. Manousakis-Katsikakis^, B. Mansoulie^^*^, A. Mapelli^^, 

L. Mapelli^o, L. March^^, J.F. Marchand^^, F. Marchese"3a,i33b^ q Marchiori™, M. Marcisovskyi^s, C.P. Marinoi^^, 

F. Marroquim^^a, z. Marshall, F.K. Martensl5^ L.F. Marti^^, S. Marti-Garcia^^^ B. Martin^o, B. Martin^*, 

J.P. Martin^^^ ^.A. Martinis, V.J. Martin''^, B. Martin dit Latour^^, S. Martin-Haugh"9, M. Martinez^^, 

V. Martinez Outschoorn^^, A.C. Martyniuk^'^g^ Marx^^^ p_ Marzano^^^'', A. Marzin"\ L. Masetti^S 

T. Mashimol5^ R. Mashinistov''^, J. Masik^^ A.L. Maslennikov^o^, I. Massa^O'^-^ob^ q. Massaro^o^, N. Massol^ 

P. Mastrandrea^^^^, A. Mastrobcrardino^'^''^^^'', T. Masubuchi^'"'^, P. Matricon"^ H. Matsunaga^'^^^, T. Matsushita^*^, 

C. Mattravers"*'^ J. Maurer^^ S.J. Maxfield'^^^ A. Mayne^^g^ ^ Mazini^^i^ Mazur^^, L. Mazzaferro^^Sa.iasb^ 
M. Mazzanti89% J. Mc Donald*^ S.P. Mc Kee*^, A. McCarni^s, r.l. McCarthy"^ T.G. McCarthy's, 

N.A. McCubbini29, K.W. McFarlane^^.*, J.A. Mcfaydcni^s, G. Mchedlidzc^i'^, T. Mclaughlani^, S.J. McMahoni's, 

R.A. McPhersoni69''=, A. Meade^^*, J. Mechnichl°^ M. Mechtel^^^, M. Medinnis^'^ ^ Meera-Lebbai"\ T. Meguro"'^, 

R. Mehdiyev93, S. Mehlhase^^, A. Mehta^^^ k. Meier^*^, B. Meirose^^ C. Melachrinos^i, B.R. Mellado Garcial^^ 

F. Mcloni89^'89b^ L. Mcndoza Navasi*^'^ Z. Mengi^L", A. Mcngarclli^o^^'Ob^ g_ Menke^^, E. Meonii^i, K.M. Mercurio^^ 

P. Merniod49, L. Merolai°2a,i02b^ q Meroni^S'^, F.S. Merritt^^, H. Merritt^o^, A. Messina^"^?', J. Metcalfe'^, 

A.S. Mctci63^ C. Meyer^i, C. Meyer^i, J-P. Meyer^^e, j. Meyeri''^, J. Meyer^^, T.C. Meyer^o, J. Miao^^^, s. MichaF, 

L. Micu'Sa, R.P. Middletoni29, S. Migas^^^ L. Mijovici^e, G. Mikenberg^^^ M. Mikestikova^'s, M. Mikuz^^^ 

D. W. Mineral, R.J. Miller^s, W.J. Millsi*^^^ C. Mills", A. Milov"^ D.A. Milstead"^'''"^'^, D. Milstein^^^ 

A.A. Minaenko^'^, M. Miiiano Moya^^'^, LA. Minashvili^^, A.I. Mincer^°^, B. Mindur^^, M. Mineev^^, Y. Ming^'^^, 
L.M. Miri2, G. Mirabellii32a^ J. Mitrevskii^^, V.A. Mitsoui^^, S. Mitsui^s, P.S. Miyagawa^^s, J.U. Mjornmark^^, 
T. Moa"*^'''"6b, V. Mocllcr's, K. Monig"', N. Moser'i, S. Mohapatra"^ W. Mohr^s, R. Moles- Valls^sT^ A. Molfetas^", 
J. Monk'^'^, E. Monnicr^^, J. Montejo Berlingen^'^ p Monticelli™, S. Monzani^O'^'^Ob^ r W. Moore^, G.F. Moorhead^*^, 

C. Mora Herrera"*^, A. Moraes^^, N. Morange^^e^ j Morel'^", G. MorcUo^'^^^STb^ p Moreno^^ M. Moreno Llacer^^'^, 
P. Morettini^O'', M. Morgenstern'*'', M. Morii^"^, A.K. Morley3°, G. Mornacchi^o, J.D. Morris'^^, L. Morvaji°\ 
H.G. Moser^s, M. Mosidze^^*^, J. Moss^o^^ ^ Mount^^^, E. Mountricha^°'^ S.V. Mouraviev^^'*, E.J.W. Moyse^^, 

F. Mueller^S'^, J. Muelleri23^ K. Mueller'i, T.A. Miillcr'^s, T. Mueller^i, D. Muenstcrmann^o, Y. Munwes^^^^ 
W.J. Murrayl2^ I. Musschei^^, E. Mustoio'^'io^'^, A.G. Myagkov^'s, M. Myska^'s^ Nadal^', K. Nagaii*^o, 
R. Nagai^", K. Nagano<5^ A. Nagarkar^o", Y. Nagasaka^^^ M. NageP, A.M. Nairz^o, Y. Nakahama^o, 

K. Nakamurai'^5^ rj, Nakanlural5^ I. Nakano"", G. Nanava'i, A. Napier^^i, R. Narayan^^^, M. Nash'^'^'^, 

T. Nattermann'i, T. Naumann"', G. Navarroi62, H.A. Neal^'^, P.Yu. Necliaeva^*, T.J. Neep^'^ A. Negri"9'^'"9b^ 

G. Negrito, M. Negrini'o^, S. Nektarijevic'*^ A. Nclsoni^a, T.K. Nelson"^, S. Nemecek^'s, R Nemethyio^^ 

A. A. Nepomuceno'^'', M. Nessi^"-"", M.S. Neubaucr^'^s^ Neumann^'^^, A. Neusiedl^^ R.M. Neves^"^, P. Nevski'^, 
F.M. Newcomer^'o^ pj^_ Newman^^, V. Nguyen Thi Hong^^e^ g Nickcrson"*, R. Nicolaidou^^'^, B. Nicquevert3°, 
F. Niedercornll^ J. Nielseni^^, N. Nikiforou^^, A. Nikiforovi^, V. Nikolaenko^'s^ j Nikolic-Audit^^ K. Nikolics^^ 
K. Nikolopoulosl^ H. Nilsen^s, P. Nilsson^ Y. Ninonliyal5^ A. Nisatii32a^ R. Nisius^^ T. Nobe^", L. Nodulman^ 
M. Noniachi"^ I. Nomidis^''^'^, S. Norbcrg^", M. Nordberg^o, P.R. Norton^'f, J. Novakovai^e^ M. Nozaki^^, 

L. Nozka"3^ i.M. Nugent^^^'', A.-E. Nuncio-Quiroz'i, G. Nuncs Hanninger^'^ , T. Nunnemann^^ , E. Nurse"^"^, 

B. J. O'Bricn^e, D.C. O'Neili^s, y. O'Shca^s, L.B. Oakes^^, E.G. Oakham's^^ H. Obcrlack^^, J. Ocariz^«, A. Ochi^e, 
S. Oda^s, S. Odaka^s, J. Odier^s, H. Ogren^o, A. Oh^', S.H. Oh^^, C.C. Ohm^o, T. Ohshimai"!, H. Okawa^^, 

Y. Okumura^i, T. Okuyamal5^ A. Olariu^e'^, A.G. Olchevski^^, S.A. Olivares Pino^'^, M. 01ivcirai24a,''^ 

D. Oliveira Damazio'^, E. Oliver Garcia^", D. Olivito^'", A. Olszewski's, j_ Qlszowska's, A. Onofrei24a,a6^ 
P.U.E. Onyisi-'^i, C.J. Orami^sa^ Qrcglia^i, Y. Oren^s'^ D. Orestanoi34a434b^ Orlando^2a,72b^ j Qj-loyio^, 

C. Oropeza Barrcra^^^ g_ Orr^^^, B. Osculati^o^-^b^ Ospanoyi'", C. Osunai', G. Otero y Garzon'^, 

J.P. Ottersbaclllo^ M. Ouchrifi^sd^ e.A. Oucllettci*^", F. Ould-Saada"^ A. Ouraoui-'^^^ Ouyang^^^, A. Ovcharovai^, 
M. Owcn^^ S. Oweni39, V.E. Ozcanisa, n. Ozturk^, A. Pacheco Pages^^, C. Padilla Aranda^', S. Pagan Grisol^ 

E. Paganisi39, C. PahP, F. Paige'^, P. Pais*^^^ Pajchel"^ G. Palacinoi'^^b^ ^ p_ pakari^, S. Palestini^", 

D. Pallin-^"^ ^ Palmai24a^ j.D. Palmer^^ Y.B. Pan^^'l E. Panagiotoponloui", P. Panii°-\ N. Panikashvili^^ 

S. Panitkin2'\ D. Pantea2f>>\ A. Papadelis"6''', Th.D. Papadopoulou^o, A. Paramonov^', D. Paredes Hernandez^-*, 

W. Park's^"^, M.A. Parker'*, F. Parodi'"^"'^-'^"^^ jj^ Parsons3^ U. Parzefall^s, S. Pashapour^^, E. Pasqualucci"2a, 

S. Passaggio'™''^, A. Passeri"4a^ p. Pastore^34a,i34b,,^ Pj._ pastore^^. G. Pasztor^^^'"^, S. Pataraiai^-l N. Patel^^o, 

J.R. Pater*', S. Patricellii°''''i°'^, T. Pauly3°, M. Pecsyi^'^^, S. Pedraza Lopez"'^ M.I. Pedraza Morales^^^^ 

S.V. Peleganchukio^, D. Pelikani^^^ jj. Peng-^-'^'\ B. Pcnning3\ A. Penson-'^^^ J. Penwell^o, M. Perantoni'"*^, 

K. Perez^s.-^^ T. Perez Cavalcanti"*', E. Perez Codinai^^^, M.T. Perez Garcfa-Estaiii*^'^, V. Perez Reale*^, 

L. Perini*9'^'*9b^ jj Pcrnegger^", R. Pcrrino^'^, P. Perrodo^ V.D. Pcshckhonov^'', K. Pcters-''°, B.A. Petcrsen-''°, 

J. Petersen^o, T.C. Petersen^^, E. Petit^, A. PetridisiS'^, C. Petridou^S'^, E. Petroloi32a^ p_ Pctruccii34a,i34b^ 

D. PetschuU*', M. Petteni"2, R. Pezoa32b, A. Plian*^, p.w. PhiUipsi'^, G. Piacquadio^o, A. Picazio^s, E. Piccaro^^, 

M. Piccinini'0'''20b, S.M. Piec^', R. Piegaia'^ D.T. Pignottil°^ J.E. Pilcher^i, A.D. Pilkington*', J. Pinal'^^'^ 
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M. Pinamontii<54a,i64c^ A. Pinder"^ J.L. Pinfold^, B. Pintoi24a^ q pj^ioSSa.SQb^ Plamondoni^s, M.-A. Pleier^^, 

E. Plotnikova64, A. Poblagucv^s, S. Poddar^^^ F. Podlyski'''^, L. Poggioli"^^ D. Pohl^i, M. Pohl^^, G. Polcscllo^i^^, 

A. Policicchio^'''''^^'', A. Polini^*''', J. PolF^, V. Polychronakos^^, D. Pomeroy^^, K. Pommes^°, L. Pontecorvo^^^*, 

B. G. Pope^^ G.A. Popeneciu^^'*, D.S. Popovic^^*, A. Poppleton^o, X. Portell Bueso^o, G.E. Pospelov^^, S. Pospisil^^^, 
I.N. Potrap99, C.J. Pottcr"9, C.T. Potter"*^ G. Poulard'"'", J. Povcda^o, V. Pozdnyakov^^ R. Prabhu^^ 

P. Pralavorio*^^ a. Pranko^^, S. Prasad^", R. Pravahan^^ S. Prcll^^, K. Pretzl", D. Pricc^", J. Price'^^^ L.E. Priced 
D. Prieur^^s^ jyj Primavera^^'*, K. Prokofiev^"^, F. Prokoshin^^b^ S. Protopopescu^^, J. Proudfoot*', X. Prudent^^, 
M. Przybycien^s, H. Przysiczniak^ S. Psoroulas^i, E. Ptacek^^'^, E. Pucschcl**'', J. Purdham^'^, M. Purohit^^.^'^, 
P. Puzo"5, Y. Pylypchenko^^ J. Qian*^ A. Quadt^"*, D.R. Quarrie^^ W.B. Quayle"^, F. Quinoncz^^a, M. Raas^"'^, 
V. Radeka^s, V. Radescu^^^ P. Radloffii*, T. RadoriS"*, F. Ragusa^^^'^^b^ q Rahal^^^, A.M. Rahimiio^, D. Rahm^^, 
S. Rajagopalan^^, M. Rammenscc^^ , M. Rammcs'^'*'^ , A.S. Randle-Conde^", K. Randrianarivony^^, F. Rauscher^^, 
T.C. Rave'^^, M. Raymond^", A.L. Read"^ D.M. Rebuzzi"^'^'"^'^, A. Redelbach^^^^ q Redlinger^^, R. Reece^^", 
K. Reeves''^ E. Reinherz-Aronis^^^, A. Reinsch^^^, I. Reisinger^^, C. Rembser^", Z.L. Rcn^^^ A. Renaud^^^, 
M. Rescigno^32a^ g Rcsconi*^'^, B. Rcscndc^^e^ p Reznicek9^ R. Rezvanii^s, R. Richter^^ E. Richter-Was^'"-^, 
M. Ridefs^ M. Rijpstral°^ M. Ryssenbeek^^s, A. Rimoldi"^'^'"^'^, L. Rinaldi^o*^, R.R. Rios"", I. Riu^^, 

G. Rivoltella^^^'^^'', F. Rizatdinova"^ E. Rizvi^^ S.H. RobertsonSS *^, A. Robichaud-Veronneau"^, D. Robinson^s, 
J.E.M. Robinson82, A. Robson^^^ J.G. Rocha de Uma^°^, C. Rodai22a,i22b^ p j^^jj^ SanWO, A. Roc^"^ g Roe^°, 

0. R0hne"'^, S. Rolli^'^i^ a. Romaniouk^^ M. Romano^O'^'^o'', G. Romeo^'^, E. Romero Adami^^ N. Rompotis^^s^ 
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